The financial health of beef cattle enterprises in northern Australia has declined markedly over the last decade due to an escalation in production and marketing costs and a real decline in beef prices. Historically, gains in animal productivity have offset the effect of declining terms of trade on farm incomes. This raises the question of whether future productivity improvements can remain a key path for lifting enterprise profitability sufficient to ensure that the industry remains economically viable over the longer term. The key objective of this study was to assess the production and financial implications for north Australian beef enterprises of a range of technology interventions (development scenarios), including genetic gain in cattle, nutrient supplementation, and alteration of the feed base through introduced pastures and forage crops, across a variety of natural environments. To achieve this objective a beef systems model was developed that is capable of simulating livestock production at the enterprise level, including reproduction, growth and mortality, based on energy and protein supply from natural C 4 pastures that are subject to high inter-annual climate variability. Comparisons between simulation outputs and enterprise performance data in three case study regions suggested that the simulation model (the Northern Australia Beef Systems Analyser) can adequately represent the performance beef cattle enterprises in northern Australia. Testing of a range of development scenarios suggested that the application of individual technologies can substantially lift productivity and profitability, especially where the entire feedbase was altered through legume augmentation. The simultaneous implementation of multiple technologies that provide benefits to different aspects of animal productivity resulted in the greatest increases in cattle productivity and enterprise profitability, with projected weaning rates increasing by 25%, liveweight gain by 40% and net profit by 150% above current baseline levels, although gains of this magnitude might not necessarily be realised in practice. While there were slight increases in total methane output from these development scenarios, the methane emissions per kg of beef produced were reduced by 20% in scenarios with higher productivity gain. Combinations of technologies or innovative practices applied in a systematic and integrated fashion thus offer scope for providing the productivity and profitability gains necessary to maintain viable beef enterprises in northern Australia into the future.
Introduction
Beef cattle grazing, predominantly of unimproved native vegetation under extensive low-input production systems, is the dominant economic land use of the northern half of the Australian continent (Hunt et al., 2014) . The pasture resource base of this geographically diverse land mass is comprised of sub-tropical and tropical woodlands, open grasslands and savannas each of which have differing capacities for livestock production and proximity to major livestock markets (Gleeson et al., 2012) . The northern grazing lands collectively support around 14 million heads or 60% of the national beef herd, with a farm gate production value of approximately $3.7 billion per annum (Gleeson et al., 2012) .
Northern beef enterprises vary considerably in terms of their physical size and geographic spread. Individual properties range from less than 1000 ha carrying fewer than 1000 heads in more developed regions of south-eastern Queensland, to over 1.5 m ha with in excess of 40,000 cattle in some cases in north-western Western Australia, the Northern Territory and western Queensland. The native pastures on which cattle production is based are of low nutritive value for much of the year and available pasture biomass is subject to extreme variability in interannual rainfall (Ash et al., 1997) .
The northern beef industry has achieved impressive gains in productivity since the 1970s, particularly through the adoption of technological innovations, including the wide-scale replacement of British breed (B. taurus) herds with Zebu (Bos indicus) cattle, improved animal health, nutritional supplements and infrastructure development (Bortolussi et al., 2005) . However, despite these gains, the industry faces major economic challenges. For example, the 'terms of trade' for beef production and marketing remain in decline (average trend − 2%), with a rapid escalation in production and marketing costs while beef prices have declined in real terms by 15% since 2005 (Gleeson et al., 2012; ABARES, 2014) . In a review of the production and financial health of the northern beef industry in 2010, McCosker et al. (2010) concluded that the sector was in the worst economic shape since a severe beef market crisis in the mid-1970s. An increasing percentage of farm cash receipts required to service rising debt is a major factor in reducing profitability of beef enterprises (Thompson and Martin, 2014) . Similar cost pressures are evident in other livestock systems in Australia (Farina et al., 2013) with the response being to explore options for productivity improvements which have been shown to have a major influence on profitability (Crosson et al., 2006) .
Technologies with potential to lift productivity in these extensive grazing lands include further genetic gains in cattle reproduction and growth efficiency Wolcott et al., 2014) , nutrient and protein supplements (Poppi and McLennan, 2010) , the use of superior pasture or fodder species and especially legumes (McIvor and Monypenny, 1995) , and the use of high quality forage crops in intensive animal feeding systems (Bell et al., 2014) . The potential advantages of employing these technologies have been empirically evaluated on a relatively piecemeal basis, and rarely within a systems context that facilitates more comprehensive comparisons or allows combinations of technologies to be rigorously tested to see if interactive effects are additive, synergistic or substitutional. Understanding the potential interactions of new technologies as part of an overall grazing system is essential because in practice livestock enterprises will usually be implementing more than one productivity improvement simultaneously (Ashfield et al., 2013; Clark, 2013) . Productivity increases do not necessarily lead to improvements in profitability so whole enterprise financial outcomes need to be assessed.
The tropical rangelands of Australia are vulnerable to overgrazing and degradation and a key area of grazing management research and extension over many years has been the development of sustainable carrying capacities (Hunt et al., 2014) . Introducing new technologies that allow more animals to be carried and/or to consume more pasture run the risk of creating unintended environmental consequences (Gardener et al., 1990) . It is therefore important to be able to appropriately assess the impacts of new technologies on key aspects of landscape health. A more recent environmental concern is the level of methane emissions from the extensive livestock sector, particularly in regions where pasture quality is low such as northern Australia (Cook et al., 2010) . Introducing technologies that reduce emissions intensity and offer scope for reducing total methane emissions is therefore desirable.
The use of simulation models provides a cost-effective opportunity to explore the response of extensive livestock grazing enterprises to changes in herd and resource management practices as a result of technological advances (Tess and Kolstad, 2000; Crosson et al., 2006) . These enterprises are characterised by complex herd structures and dynamics that are subject to interactions between a highly variable climate and pasture resource, which drives considerable production risk (Cacho et al., 1999) . Although a number of beef cattle simulation models have been produced to mimic different production systems around the world (e.g., Foran et al., 1990; Tess and Kolstad, 2000; Teague and Foy, 2002) , none of the available models were particularly suited for simulating either extensive production systems in sub-tropical and tropical regions or the types of technology interventions that may be possible for application in the coming two decades. To adequately test these interventions, a model was required that could integrate the growth and quality of natural pastures under grazing, herd dynamics including reproduction, growth and mortality, genetic improvements in reproduction and growth efficiency, alteration of the pasture feed base, provision of nutrient supplements, and rumen modification. This required an ability to model the energy and protein supply consumed by animals and its conversion into animal growth, body condition score and reproductive state.
Within Australia, simulation approaches of livestock systems have been developed that provide some elements of the requirements needed to meet the objectives of this study. Foran et al. (1990) developed a model (Rangepack) for simulating the broad production and financial outcomes for various development options for northern Australian beef enterprises, although this model did not incorporate pasture growth dynamics, and the animal biological parameters were exogenously derived from empirical data and expert opinion rather than endogenously generated by plant and animal process sub-models. Other simulation models that have been specifically developed for northern Australian beef systems do capture the highly variable climate-pasture dynamics (McKeon et al., 2000) but rely on simple empirical relationships established between pasture growth and liveweight gain (McCown, 1981) to drive animal production and enterprise economics (MacLeod et al., 2011) . Puig et al. (2011) developed a systems-modelling approach to examine options and trade-offs for development, diversification and land use change in the pastoral lands of northern Australia but they took a broader industry structural approach rather than a focus on 'within enterprise' herd productivity interventions.
Thus, the key objective of this study was to assess the production and financial implications for north Australian beef enterprises of a range of technology interventions (development scenarios), including genetic gain in cattle, nutrient supplementation, and alteration of the feed base through introduced pastures and forage crops, across a variety of natural environments. To achieve this objective a northern beef systems model capable of simulating livestock production at the enterprise level, including reproduction, growth and mortality based on energy and protein supply from natural C 4 pastures that are subject to high inter-annual climate variability, was developed. This model is the Northern Australia Beef Systems Analyser (NABSA).
Materials and methods

Model overview
A brief overview of the NABSA model is provided here; a more detailed description is provided in Appendix A. The model is a wholefarm-scale dynamic simulation model that mimics the response over time of a beef cattle enterprise with a specified herd structure of age and sex classes. The model was developed on a Microsoft Excel® platform and uses a monthly time step. It integrates livestock, pasture and forage crop production with labour and land resource requirements and availability, accounts for component revenue and cost streams, and provides estimates of the expected environmental consequences of various management options. The responses thus include production, economic and environmental dimensions, which are generated as output for each year of a simulation trial and as averages for the trial. A schematic illustration of the structure of the beef production system in northern Australia on which the model was based is presented in Fig. 1 . The NABSA model is broadly based on a model structure that was previously developed to simulate smallholder crop-livestock systems in developing countries (Lisson et al., 2010) .
The model allows the user to define the size and type of beef enterprise (e.g. breeding, finishing) and initial age and sex class structure relevant to the biophysical features of the region that is being simulated.
Other input parameters associated with the herd operations include labour supply and demand, direct husbandry and marketing costs (transport, veterinary, fuel, supplementary feeding, etc.), overhead costs, prices per kilogram of liveweight for different animal turn-off classes, rules for sale of animals and feeding and disposal of animals when forage becomes limiting. Forage availability is tracked using 12 monthly forage pools. Forage production is imported at each monthly time-step from external sources, namely the pasture production model GRASP (McKeon et al., 2000) and the crop model APSIM (Keating et al., 2003) . These models use an historical climate file and soil description for the relevant study site to capture the inter-and intra-seasonal growth patterns of the available forages that supply the livestock with nutrients. Forage quality declines with age according to specified degradation rates. Mineral or grain supplements or purchased fodder can be used to maintain or improve animal condition when seasonal nutritional deficits occur or during drought.
Simulation of animal growth from birth to turn-off age is based on the available energy and protein supplied by forages and feed supplements using standard relationships for the nutrient requirements of domesticated ruminants (CSIRO, 2007) . Conception is determined by the weight of cows relative to a reference weight (the expected weight of an animal in good condition at a given age), which is an effective surrogate for body condition score. The shape of the relationship between body weight-reference weight and conception can be altered and different relationships are used for heifers and more mature cows. Cow mortality rate is also determined by body weight relative to the standard reference weight for that class of animal. Rules are included for sale and purchase of animals. Key settings are the maximum breeder number (which largely determines herd size) and the target weights for sale of steers, surplus heifers and aged cows which generate the flow of animals out of the herd. If animal numbers fall below the target herd size, then additional animals are purchased according to userdefined settings.
The model simulates two key resource condition outcomes -land condition (which influences future forage production) and methane production. Land condition (defined on the basis of the basal area and proportion of desirable perennial grasses) is determined by the pasture utilisation rate (an estimate of total pasture growth that is consumed by animals). High utilisation rates reduce perennial grass basal area and hence land condition and subsequent production (through the selection of relevant data from the forage production database). The user can modify the relationship between pasture utilisation, grass basal area and land condition as these interactions are sensitive to the response of different pasture systems to grazing. The model predicts the dry matter intake of cattle which permits estimation of methane production using a regression relationship developed by Kurihara et al. (1999) and amended by Hunter (2007) .
Total gross margins (revenue from sales of turnoff animals minus direct production and marketing costs) and annual net economic profits (total gross margin minus overhead costs) are generated based on livestock sales revenue and enterprise variable and overhead costs, including labour costs and interest paid on outstanding debts. General capital costs (e.g., depreciation and opportunity costs of capital held in livestock, infrastructure and land) are not included but the capital cost for specific development scenarios (e.g., establishing a pasture, specialised animal handling infrastructure) can be included.
As with any model of a complex system, the NABSA model has a number of recognised limitations and simplifying assumptions. Key limitations of the current model include no capacity to handle animal diseases directly (although management costs such as vaccines to minimise their effect can be included, as can alteration in growth or conception curves to reflect disease), no variation among individuals within a given class of animals for key variables such as conception and growth, and no capacity to directly simulate the performance of animals grazing in separate paddocks. Despite these limitations, the key processes operating within typical north Australian beef production systems are Fig. 1 . A schematic illustration of the structure of the northern Australian beef production system, on which the NABSA enterprise model was based. The light green boxes represent climatic and environmental inputs and associated characteristics of the natural pasture, the brown boxes represent the technology and management interventions, the blue boxes represent how the enterprise (herd dynamics and production, economics) and resource base respond to the environment and management drivers, and the dark green box represents the environmental outcomes.
believed to be well represented, as suggested by favourable validation results (see Section 2.5).
Case study regions and enterprises
Three regions representing different production systems in northern Australia were selected as case studies to explore a range of development scenarios with the NABSA model. These regions are south-east Queensland, northern Queensland and the Victoria River District (VRD) of the Northern Territory (Fig. 2) . The simulated development scenarios were applied to the breeding herd of a synthetically constructed beef enterprise in each case-study region. These representative herds were largely produced from consensus data collected from industry workshops held in the regions as part of an earlier study of northern Australian beef production systems (MacLeod et al., 2011) , as well as data drawn from several recently published surveys and economic analyses of northern beef enterprises (McCosker et al., 2010; Stockdale et al., 2012) . The baseline for these synthetically constructed enterprises included the land area, dominant land type, enterprise type and structure including herd size, market direction, and input costs, etc. in order to accurately simulate the animal turn-off and financial performance that might be currently expected for a typical enterprise in the region. The baseline simulations provided the benchmark to assess the potential production and financial impacts of applying various technology and innovation scenarios. A summary of the regional climate and enterprise characteristics is presented in Table 1 .
Development scenarios
The study was restricted to exploring scenarios to increase the physical productivity of individual animals or the herd in general, although it is recognised that value adding to increase market prices or seeking avenues for reducing costs of production are important aspects of increasing industry profitability. The six innovation scenarios that were explored are presented in Table 2 . These scenarios were informed by input from workshops involving disciplinary experts in animal reproduction, genetics, nutrition and pasture management whose focus was identifying options for promoting further productivity gains in extensive beef production systems.
Simulation of each of the six scenarios required specific settings in the NABSA model as follows:
Improved reproduction through genetic gain. The relevant coefficients for the equation relating animal liveweight (body condition) to conception rates (see Appendix A.4) were set to achieve an increase in the average weaning rate of 5 percentage points. This permitted higher rates of conception to occur at the same body condition score. This level of simulated increase in reproductive performance is considered achievable . Improved growth efficiency through genetic gain. The Feeding Standards of Australia (CSIRO, 2007) growth conversion efficiency coefficients were adjusted to achieve a liveweight growth improvement of approximately 10%. Burrow and Rudder (1991) have demonstrated that efficiencies of this magnitude can be achieved through genetic selection. Improved rumen function to more effectively metabolise ingested pasture. This scenario assumed an improvement in rumen function through an additive or by modifying rumen function to facilitate better digestion of low quality pasture. This was achieved by reducing the rate at which dry matter digestibility declined each month following pasture senescence (e.g. a monthly decline in digestibility per month of 8% was used instead of a 10% decay rate) and the lower limit on digestibility was raised by three percentage points (e.g. from 43% to 46% digestibility). This scenario led to increased feed intake in response to higher rumen throughput. Achieving this level of improvement in rumen function appears possible (McSweeney et al., 1999) and is justified in the simulations though practical limitations remain. Improved pastures. The effect of increased pasture yield from oversowing a native pasture with a legume was simulated by increasing the initial perennial grass basal area by 2 percentage points within the GRASP pasture growth model (e.g. where native grass basal area is 3% this was increased to 5%), which increases forage growth by around 20%. This is consistent with experimental data which shows augmentation of native pasture with legumes can increase pasture biomass by 10-30% (McIvor and Gardener, 1995) . In NABSA the monthly nitrogen decay rate was reduced from 30% per month to 10% per month to simulate the year-round higher protein content of legumeaugmented pastures. The dry matter digestibility decay rate was reduced from 10% to 9%. The maximum breeder numbers that could be carried were increased in line with the proportionate increase in forage production (typically resulting in herd size being 20% greater than for the baseline scenario). Cheap protein supplement. Protein supplementation of low quality tropical pasture can significantly improve animal productivity (McLennan et al., 1995) . However, the cost of protein supplements restricts their use. It was assumed that an unspecified new protein source similar in quality to cottonseed meal became available to be fed to cattle in the paddock as a supplement during the dry season for approximately AU$200/tonne. This price is about one-half of the price that protein supplements of similar quality can presently be fed to animals in the paddock. While such novel protein supplements at that price do not currently exist, the objective was to evaluate the potential from some technologies that are presently under development e.g. low cost on-farm algal protein production. Combined technologies. To assess the impact of multiple technology improvements, four of the individual scenarios were combined. The four technologies were chosen on the basis that when combined they would likely benefit different aspects of animal production and provide potentially more additive than substitutional impact. It was decided to not use scenarios that significantly altered the feedbase because of the strong regional differences in feedbase benefits and costs. These four individual technologies were genetic gain in reproductive performance, genetic gain in growth efficiency, a cheap protein source and a rumen modifier to improve digestible energy available to the animal. The model was tested using step-wise addition of each of the individual scenarios to test that there were no unusual interactions.
Simulation trials were undertaken for a 25-year period of historical climate for each case-study region (i.e. 1985-2010) to provide exposure to a wide range of climatic variability. While the full impact of some development scenarios would, in reality, require many years to take effect (e.g. the introduction of improved genetics), the simulation trials were undertaken without a ramp-up period and an assumption was made that they would have been fully implemented or established from the start of the scenario runs. Where significant costs could be attributed to the scenario these were included in the financial analysis. For example, sowing of legumes was assumed to be a large upfront capital cost and given the baseline scenario assumed no starting cash on hand, this incurred a starting debt. Profits were used to reduce the debt as soon as possible. Supplementation incurred additional costs on a recurring basis through the simulation. Genetic improvement is an ongoing cost for most producers e.g. purchase of bulls and these costs were captured in the model. The costs associated with improved herd recording to achieve genetic gains were assumed to be absorbed within existing labour costs.
A key issue for exploring the various scenarios was to ensure that the new technologies or practices embodied within them could be implemented sustainably and not lead to overgrazing and land degradation. Consequently, the total numbers of breeders carried in the model herds were adjusted in the various simulation trials through a parameter that sets maximum breeder numbers so as to maintain safe pasture utilisation rates to maintain or improve land condition over the length of each trial. There has been considerable effort to determine sustainable utilisation rates for tropical rangelands in northern Australia (e.g., Scanlan et al., 1994; Walsh and Cowley, 2011) and this information was used in setting stock numbers to achieve safe utilisation rates in the simulation runs.
Input data
The age and sex class structure of the simulated beef herd for each case-study region and the main class and age/condition of turn-off animals were based on a herd dynamics approach that was previously developed by MacLeod et al. (2004) to track changes in the cohort size of different age and sex classes over time. Historical records of daily climate were obtained from the SILO database (www. longpaddock.qld.gov.au) based on the most relevant climate station within each case-study region and this data was incorporated into the GRASP and APSIM pasture and crop models. This ensured that the large interannual variability in climate and its influence on pasture and animal productivity and resource condition that characterises the northern Australian semi-arid tropics (Ash et al., 1997) was captured in the simulation studies. Pasture quality data from Near Infrared Spectroscopy (NIRS) analysis of cattle dung from free ranging cattle in different parts of northern Australia (e.g., Coates and Dixon, 2008) were used to specify pasture quality in the model. 
Model validation
The key biological and economic parameter values that were used in the model were validated by comparing the results from the baseline model simulations with a comprehensive set of regional herd data that was developed by the Co-operative Research Centre for Beef Genetic Technologies (CRCBGT -http://www.beefcrc.com/) to undertake cost-benefit analyses for the introduction of genetic technologies into northern beef herds (Holmes, 2011) . In addition, a recently completed major study of reproductive performance of northern Australian beef herds provided a rigorous empirical dataset of biological performance (McGowan et al., 2014) . Table 3 shows there is reasonable agreement between the NABSA model output and the results of Holmes (2011) and McGowan et al. (2014) for weaning percentage (weaners produced per breeders mated), weaning weight and gross margin per adult equivalent. This gives confidence that the model was adequately simulating these production systems.
Results
Summaries of the main biological and financial outcomes from the different production technologies when simulated in the beef enterprises in each of the three regions are presented in Tables 4-6.
Production and financial performance
All development scenarios led to increases in beef produced, gross margin and profit in each of the three regions, but there were marked differences amongst regions and development scenarios in these responses. The average increase in profit across all scenarios was 87% in the VRD region, 62% for northern Queensland and 48% for south-east Queensland. Overall, the combined technologies gave the greatest response in productivity and financial performance, followed by improved pastures N cheap protein supplement N improved rumen function N improved growth efficiency N improved reproduction. The only case where this sequence did not occur was in the VRD where improved rumen function and cheap protein supplementation switched order. Although the trend in response to the development scenarios was largely consistent across the regions, the relative magnitude of the response compared with the baseline differed amongst regions. These differences appear to be related to the underlying productivity of each region. The south-east Queensland region (Table 4) was the most productive and profitable region in terms of individual animal performance and gross margin per AE but had the least response in relative terms to the different development scenarios. In contrast, the Victoria River District region (Table 6 ) was the least productive as measured by weaning rate, growth rate and gross margin but it had the greatest response to the various technology interventions. The decline in baseline productivity from south to north and west to the Victoria River District reflects a decline in the quality of pastures along this gradient.
The genetics scenarios (improved reproduction and growth efficiency) produced lower gains in productivity and financial performance than the other development scenarios. This in part reflects a more modest intervention e.g., for the improved reproduction scenario there was a 5 percentage point increase in weaning rate, with no change to growth of animals. Some of the other nutritional based scenarios lifted growth of all animals which led to higher weaning rates and increased growth. Nevertheless, increasing weaning rate by 5 percentage points resulted in a~20% (range 13-26%) increase in average annual net profit despite the growth rates of individual animals not being directly affected.
Increasing efficiency of growth through genetic gain resulted in a consistent increase of 16 kg/head/year in liveweight gain across the three case-study regions, which also had some minor flow-on benefits for cow condition and calf weaning rates (which increased on average by 3 percentage points). However, improvements in financial performance were not consistent across regions with the increase in liveweight gain and weaning rate generating a relatively greater gross margin per animal compared with the baseline scenario in the VRD (25%) than in northern or south-east Queensland (8%). Overall stocking rate, as measured by AEs, did not change much over the baseline because of the more rapid turn-off of growing animals. Simulating a modest improvement in rumen function through reducing slightly the seasonal decline in dry matter digestibility and lifting the minimum digestibility by 3 percentage points (e.g. 42% to 45%) resulted in large gains in productivity and financial performance. The weaning rate increased by 7 percentage points and liveweight gain by an average of 20 kg/head/year, which led to average increases in gross margin of $20 per adult equivalent and an average increase in annual net profit of 57%. The large response in net profit was in large part due to a greater herd size being carried with more animals being turned off for sale. The increase in herd size was not driven by a deliberate increase in breeder numbers but occurred as a result of higher growth rates and weaning rates driving up herd numbers, but not significantly enough to compromise land condition.
Improved pasture resulted in significant gains in both animal productivity and enterprise profitability in all three case-study regions. These gains were a result of both improved liveweight gain per animal (average 29 kg/head/year increase over baseline) and increased weaning rate. There was a wide variation between regions in the increase in weaning rate with south-east Queensland showing a 3 percentage point increase in weaning rate compared with 11 and 12 percentage point increase for north Queensland and the VRD, respectively. An increased herd carrying capacity (average increase of 17%) facilitated by higher levels of pasture production also contributed significantly to the large increase in gross margin and profit in this scenario.
Providing a cheap high quality protein supplement resulted in significant increases in productivity and profitability in all regions. The gains can be attributed to a combination of factors including being able to support a small increase in herd carrying capacity (average of 8% over the baseline), improved animal liveweight gains (16-33 kg/head/annum) and significant improvements in the weaning rate (5-12 percentage points). Interestingly, the increase in liveweight gain in response to the protein supplement was greatest is south-east Queensland and least in the VRD region. Given the seasonal decline in protein content is more severe in the VRD, this result appears surprising. However, the very low digestibility of pastures in the VRD region during the time at which protein supplement was being provided may have limited the response to the additional protein. The effect of this was to reduce the increase in profit of the cheap protein scenario in the VRD below that of the rumen modification scenario.
The scenario of the combined technologies (genetic gains in reproduction and growth efficiency, improved rumen function and cheap protein supplementation) led to the greatest gains in productivity and profitability. Weaning rates increased by an average of 28%, liveweight gain by 41% and net profit increased by 130%. The gains in productivity tended to be relatively higher in the VRD and northern Queensland regions, especially in weaning rate, and this was amplified in the financial outcomes for these two regions.
Herd dynamics
Beef production systems in northern Australia are dominated by breeding operations. The size and structure of breeding herds are particularly dynamic over time with, for example, decisions on managing the breeding herd (e.g. selling off stock in drought, or retaining older breeders for mating in good seasons) having an ongoing impact for many years. As a consequence, a major structural impact of the simulated application of technologies is to alter herd dynamics in a significant way. This is especially so for interventions that can substantially lift productivity and result in animals being turned off at a younger age. This is illustrated in Fig. 3 for the northern Queensland case study, which shows the stochastic nature of the herd size under the baseline scenario compared with the combined technologies. Herd sizes for both scenarios tracked closely for a few years until a severe drought was encountered in the early to mid-1990s. In the case of the highly productive, combined technologies scenario cattle numbers built up again rapidly after the drought. However, in the baseline scenario cattle numbers did not recover significantly before a second series of drought years from 2002-2005 kept numbers at lower levels compared with those under the combined technologies scenario. Cattle numbers under the baseline scenario recovered in the second half of the decade when a sequence of better years was experienced. By the end of the simulation run herd numbers were higher in the baseline scenario following the sequence of good seasons because the set breeder number in the combined technologies scenario was lower than in the baseline because of its higher productivity in reproduction and growth. Overall, herd numbers were also less volatile in the combined technologies scenario because it was less vulnerable to the impacts of drought. This asynchronous pattern between the baseline and the combined technologies scenario is even more evident in terms of simulated net profit, as shown in Fig. 4 for the south-east Queensland regional case study. In the two scenarios, the animals reach their specified sale weights at completely different times, with the spikes in net profit in the combined technologies scenario being the result of two age cohorts of animals reaching the target sale weight within a single year.
Environmental performance
The model can simulate the environmental impacts of different strategies in two areas. The first is through the feedback effects of grazing and pasture utilisation on land condition and soil erosion. In this study of different technology interventions, herd numbers were constrained to levels of pasture utilisation that were considered sustainable to avoid confounding the effects of the technologies with changes in land condition. As a consequence, the effects of the interventions on land condition are not reported in this paper.
Methane production is the second area where the model can simulate the effects of different intervention strategies on environmental performance. A general finding from the simulations that is consistent across all of the technologies and regional locations, is that total production of methane per hectare increased in scenarios with greater levels of animal productivity, kilograms of beef produced per hectare and profit (Fig. 5a ). In contrast, the intensity of methane production (i.e. the amount of methane per kilogram of beef produced) decreased under scenarios of higher productivity and profit (Fig. 5b) . The projected average reduction in methane intensity was 23%, which is consistent with the increases in overall total kilograms of beef turned off. However, the increase in overall methane production averaged 10% because the decrease in intensity of methane production nearly offset the higher methane production from higher levels of beef production.
The trade-off between profit and methane production exhibited a similar pattern across all regions (Table 7 , data for two regions presented). If some of the gains in profit from introducing technologies are foregone by reducing the herd size in order that methane production per hectare does not increase over the baseline, then net profit is reduced by about 10% in northern Queensland and around 25% in the VRD region for the combined technologies scenario. Alternatively, if the objective is to specifically focus on reducing methane production, when net profit in the integrated technologies scenario is set to the baseline by reducing herd size, then methane production per hectare is reduced by a very significant 65-70%. This is largely the result of the herd size decreasing by 30% when the net profit levels between scenarios are matched. 
Discussion
Using a new systems model of beef enterprises in tropical Australia, we have demonstrated how a range of interventions to increase productivity of beef herds can lead to substantial improvements in profitability without degrading pasture and land condition. The interventions covered a range of areas of individual animal productivity from genetic gain to rumen function to nutrition and all could provide benefits, especially when used in combination.
The simulation results for the two genetic gain scenarios (improved reproduction and growth efficiency) are consistent with published data based on experiments and data from commercial enterprises. For example, increasing weaning rate by 5% points gave comparable results to that of Schatz (2011) who found that when average herd reproductive efficiency was increased by about 5%, the estimated gross margins increased by $6-$8/AE. Larger economic gains have been demonstrated for cases in which more significant improvements in reproductive efficiency are achieved. For example, Burrow et al. (2003) found that by shifting breeds from pure or near pure B. indicus to tropical composites (a mix of B. indicus and B. taurus breeds), weaning rates could be increased by 17 percentage points to yield a gain of approximately $17/AE.
The simulation trial results affirm that herd fertility is a significant profit driver of northern beef enterprises (Burns et al., 2010) . Accordingly, considerable effort has gone into improving the reproduction efficiency of the northern beef herd over the last several decades. This particular scenario has been focussed on further improving average conception and weaning rates of breeding herds. Gains in overall reproductive efficiency can also be achieved through: earlier puberty (Fordyce et al., 1994; Fortes et al., 2012) ; reducing pre-natal, perinatal and post-natal mortality rates, which are currently high (and simulated accordingly in this modelling study) although the causes are not as yet well understood (Burns et al., 2010) ; and reducing losses from animal disease.
The genetic gains in growth efficiency simulated in this study are within the scope of what can be achieved over 20 years by selecting bulls with high Estimated Breeding Values (EBVs) for 600 day weight (Burrow and Rudder, 1991) . Growth rates are moderately heritable (Burrow, 2001 (Burrow, , 2012 indicating that there is good opportunity to achieve reasonable production gains through genetic improvement. However, heritability relating to weight is higher than that relating to weight gain, and especially post-weaning (Davis, 1993) . There is a risk that selecting for weight will simply result in an increase in the mature body size of animals rather than in growth efficiency, with commensurate increases in feed requirements. Notwithstanding these factors, the simulation results suggest that significant gains in productivity and profitability can be achieved in response to genetic gains in growth efficiency.
The simulated effects of increasing digestibility through improving rumen function were surprisingly large. A considerable research effort has been expended to develop novel technologies to improve the digestive efficiency of ruminants. This has included research on feed additives such as ionophores (e.g. monensin) to reduce methane production (Guan et al., 2006) and improve animal performance from grain diets (Goodrich et al., 1984) , although the benefits of this approach for cattle consuming low quality tropical pasture may be negligible (McLennan et al., 1995) . Research has also been focussed on altering the rumen ecology in order to improve digestion, although fundamental understanding of rumen processes still limits any significant practical breakthroughs (Klieve, 2009) . While the simulation trial results clearly highlight the benefits that increasing energy efficiency may achieve, there are no immediate prospects of a practical breakthrough in technology. As a consequence overcoming nutritional constraints in northern Australia has been focussed on addressing protein and other mineral and trace element deficiencies because these have been the more tractable problems to address.
The addition of legumes to tropical pastures has been demonstrated to greatly improve animal productivity by overcoming seasonal protein deficiencies. The increase in annual liveweight gain of 25-30 kg/head simulated in the improved pasture scenario is consistent with results from grazing trials (Coates et al., 1997) . Given the large positive impact of this legume-augmentation scenario on productivity and net profit the question is necessarily raised as to why legumes are not more widely used in areas for which suitable species are currently available. High costs and poor reliability of establishment have in the past been put forward by producers as significant constraints to wider adoption (Clements, 1996) . Miller et al. (1993) showed that the financial payback period was 8 years if it took five years for the oversown legume pasture to reach full productivity and the Net Present Value was greatly reduced under that scenario compared with reaching full productivity within 1 year.
In considering a possible expansion in the use of oversown legumes, attention must also be given to the potential environmental consequences. For example, stylo (Stylosanthes spp.), which is presently the most successful pasture legume used in northern Australia, is not without potential negative consequences. These largely relate to legume dominance, which can result in soil acidification, reduced cover levels and increased erosion risk, and biodiversity impacts (Noble et al., 2000) . Nevertheless, these risks can be managed in part through strategic use of fire, grazing management and targeted fertiliser use (Noble et al., 2000) . In the analysis in this study, only the establishment costs were considered and the costs of additional management or inputs to manage legume dominance would need to be considered. Table 7 Trade-offs between profit and methane production when the methane production in the integrated technologies scenario is set to the baseline scenario, and when the net profit of the integrated technologies scenario is set to the baseline, for the northern Queensland and Victoria River District case studies. Another option for overcoming protein deficiency of animals grazing low quality tropical pastures is through protein supplementation. A number of protein meals are commercially available but their cost generally prohibits widespread use. Potential sources of a novel high protein supplement available at low cost could include algal biodiesel residue (Bryant et al., 2012) or on-farm algal protein production (Holman and Malau-Aduli, 2013) . The simulated liveweight gains found in this study assuming a cheap algal protein source was available are broadly consistent with experimental data for similar quality protein meals such as cottonseed meal (e.g. Addison et al., 1984) , although the gains achieved are somewhat lower than might be predicted by empirical relationships between the amount of protein supplied and the liveweight gain response (McLennan et al., 1995) . The lesser response in the simulated liveweight gains (c. 200 g/day) compared with the expected response from the empirical data sources (c. 300 g/day) is, in part, likely due to years in the simulation where green pasture was available through the dry season as a result of autumn or winter rainfall. In subtropical south-east Queensland, where the seasonal decline in protein is not as significant as in the northern tropical regions, the projected gains in animal productivity and net profit were considerably lower.
Combining a range of different production technologies and practices rather than focussing effort in one or two particular areas resulted in large increases in productivity and profitability, suggesting these technologies act in a synergistic way. The magnitude of the projected liveweight gain advantages would suggest that for some of the regions in the study, the herd structure and business operation could profitably be changed to finishing turn-off cattle to a heavier weight for slaughter rather than producing lighter animals that are traded in order to be finished in environments with better quality pastures. Given the size of the productivity gains projected for this scenario the number of breeding animals had to be actively reduced to prevent the total herd size from increasing to levels that negatively affected land condition. However, only a relatively small proportion of the gain in profitability could be attributed to the increase in the average herd size -most of it resulted from gains in individual animal productivity. For example, in the northern Queensland case study, when breeding cow numbers were restricted to achieve a herd size that is exactly the same as the baseline (2901 AE), average annual net profit was $330,000, approximately double that of the baseline. There are many possible combinations of technologies that could be explored and in this study we focussed on a combination that targeted different components of animal production (genetics, rumen digestion, protein).
Introducing new technologies that increase the productivity of extensive beef enterprises can pose a risk to sustainable grazing land management because the productivity gains are often associated with higher animal numbers and degradation of the resource base (Gardener et al., 1990) . Associated with this, it is known that rapid rebuilding of herd numbers following a drought can exacerbate land degradation (McKeon et al., 2004) so care needs to be exercised in use of new technologies that increase production. Each of the technologies that were assessed in this study had a tendency to result in the herd size increasing through the duration of the simulation trials. This was in part because the individual animals generally became more productive and their higher average weight contributed to a larger herd size, as measured by adult equivalents. However, the total size of the herds also increased in response to technologies that increased weaning rates. While the pasture improvement scenario of legume oversowing also results in increasing animal productivity and total numbers carried, it does this through an increased total level of pasture productivity (biomass and quality) which also increases the effective carrying capacity of the enterprise. To avoid overstocking and utilisation of pasture increasing beyond sustainable levels, herd numbers in this study were not allowed to increase significantly and if necessary, breeding cow numbers were reduced to ensure this outcome. By adopting this particular herd management strategy, in the simulations land condition could be maintained while at the same time permitting improved financial outcomes.
Given the extensive nature of beef production and the low quality pastures in northern Australia, methane output per unit of product is high, as is methane output per unit of dry matter intake (Charmley et al., 2008) . Increasing the intensity of production in beef systems generally increases total methane emissions (White et al., 2010) , while lowering methane per kg of beef produced. However, management decisions can be made along the intensification spectrum as to how much to increase productivity and profitability versus reducing the environmental footprint.
Conclusions
The principal aim of this study was to assess the production and financial implications for north Australian beef enterprises of a range of technology interventions (development scenarios) that were capable of lifting individual animal and herd productivity. In pursuing this objective it was necessary to develop a beef systems model capable of simulating livestock production at the enterprise level, including reproduction, growth and mortality based on energy and protein supply from natural pastures as well as augmentation of the diet through supplements and improved pastures and forage crops.
Testing of development scenarios suggested that the individual application of technologies related to improving the feed-base or its utilisation in the animal may offer substantial gains in productivity and profitability, while the gains associated with genetic improvements in reproduction and growth of cattle were less but still significant. However, the simultaneous implementation of multiple technologies that provide benefits to different aspects of individual animal productivity resulted in the greatest increases in cattle productivity and enterprise profitability. There can be adoption challenges to implementing new technologies in farming systems so promoting the use of combinations of technologies in a systems approach will require a concerted effort in best practice management.
The type of beef enterprise on which simulation trials are run (e.g. breeding and finishing, breeding only, steer finishing, trading) is defined by the user based on the property size, the area that is used for grazing, soil and vegetation type, starting land condition and approximate herd size. The age and sex class structure of the beef herd and the main class and age/condition of turn-off animals are stipulated based on a herd dynamics approach previously developed by MacLeod et al. (2004) to track changes in the number of animals in different age and sex cohorts over time. Herd size is largely determined by the user through setting the maximum breeder number and this interacts with herd dynamics (initial herd structure, reproduction and growth rates and target weights of turn-off animals) to influence actual herd size. Rules are put in place for sale and purchase of animals to achieve the target breeder number. Other input parameters associated with the herd operations include labour supply and demand, direct husbandry and marketing costs (transport, veterinary, fuel, supplementary feeding etc), overhead costs, prices per kilogram of liveweight for different animal classes, rules for sale of animals and feeding and disposal of animals when forage becomes limiting.
A.2. Forage production and quality
Once a particular enterprise has been defined and structured, a simulation trial (single model run) is commenced using an historical climate file for the relevant study site in order to capture the interand intra-seasonal growth patterns of the available forages that supply the animals with nutrients. Forage availability data come from external sources (e.g., stand-alone forage growth simulation models) and are imported into a pasture database that the NABSA model accesses to acquire monthly pasture or forage crop growth. In the present study forage growth of native pastures was simulated using the GRASP pasture simulation model (McKeon et al., 2000) , which is a process based model that uses daily climate, soil water holding capacity and soil nitrogen to drive pasture growth. Given that the objective of this study was to explore a range of productivity improvement options it was also considered important to be able to explore other forage options, including sown pastures (e.g. Bambatsi panic; Panicum coloratum) and forage crops. The APSIM crop growth simulation model (Keating et al., 2003) was used to simulate forage crop growth using the same daily historical climate files as those used to generate the GRASP native pasture growth data. The APSIM crop yield data is imported into the NABSA model in the same way as the GRASP output.
Forage quality is a strong driver of animal growth and reproduction and is a particularly important issue in northern Australia due to the seasonal protein and energy deficiency that is typically associated with tropical grasses (McLean et al., 1983) . The quality of forage from new pasture growth, the decay rate through the season and the Fig. A.1 . The structure of the NABSA enterprise model for the northern Australia extensive beef production system. The green boxes represent settings that define the type and scale of operation and management options/inputs; the pale blue boxes represent external models for simulating forage production or NABSA sub-models related to herd growth and dynamics and financial flows. The mid-blue boxes are forage pools and cash reserves. Orange boxes represent system outputs (i.e. the various environmental outputs and operating profit, which also includes animal productivity outputs). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) minimum quality can all be stipulated within the model. Data on these pasture quality parameters were obtained from Near Infrared Spectroscopy (NIRS) analysis of cattle dung from free ranging cattle in different parts of northern Australia (e.g. Coates and Dixon, 2008 The model combines both the growth of pasture and its changing quality through the year in twelve monthly forage pools. New pasture growth enters Pool 1 and then declines in quality month by month (Fig. A.3) . New forage that is not consumed within a month carries over to the next month but with a user defined detachment factor that results in pasture that is not consumed gradually disappearing from the forage pools. This detached pasture becomes litter which gradually breaks down through time. The model selects fodder from pools 1-12 in that order, if forage is available and subject to user defined limits on use from each pool. The pools of green and dry forage (Pools 1-3 are set as green) are tracked and these are used to drive the percentage of green in the diet of cattle. It is well known that new green growth is not always fully available to animals because it is usually growing within mature pasture sward and animals will consume both new growth and mature pasture. The nature of the relationship between green forage in the pasture and that in the diet has been established for tropical grass pastures in northern Australia (Hendricksen et al., 1982) and the shape of this relationship can be user-modified.
This approach of using monthly forage pools provides a realistic representation of forage quality for the different regional climates and land types across northern Australia. For example, in central Queensland there can regularly be new forage growth (Pool 1) in six months of the year, while in the monsoon tropics the combination of short seasons and poorer soils typically results in new forage growth occurring in only three or four months of the year.
Additional high quality forage from special purpose forage crops (in this case simulated with the APSIM model) can be strategically made available to particular classes of animals (e.g., young growing animals, first calving heifers) to allow enhanced growth or support improved reproductive performance. The quantity and quality of the forage crop is provided on a monthly time-step as Forage Pool 13 and unlike native pasture the quality for each month is provided as input rather than proceeding through the decay and detachment processes.
A.3. Animal growth
Critical determinants of animal growth are feed intake and quality of the diet, which are especially important in these nutrient limited tropical pasture systems. Simulation of animal growth from birth to turn-off is based on the available energy and protein supplied by forages and feed supplements using standard relationships for the nutrient requirements of domesticated ruminants (CSIRO, 2007) . The NABSA incorporates the first model of cattle growth for northern Australian forage conditions that takes this particular approach. Previous simulation models have employed relatively simple regression relationships to simulate animal growth (e.g. the percentage of pasture green days, pasture utilisation rate and animal growth; McKeon et al., 2000) or have not incorporated the appropriate diet selection and animal growth relationships for tropical pastures.
Individual animal intake is determined by the weight of animals relative to a standard reference weight (the expected mature weight of an Fig. A.3 . Conceptual representation of how forage quality declines through the year after entering as high quality forage in the month of its growth. The blue line represents high quality growth produced at the start of the wet season, which then declines in quality through the year; the red line represents new growth in January that is slightly lower quality than that produced in December, which then declines in quality through the year: the green and black lines follow a similar pattern, with, in this representation, no new growth occurring after April. The orange line at the bottom of the figure represents old, low quality forage carrying over from the previous growing season. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) animal). Conversion of nutrient intake into growth is based directly on the relationships and equations provided in the Nutrient Requirements of Domesticated Ruminants (CSIRO, 2007) . Calf growth is determined by the available milk supply which, in turn, depends on the nutritional conditions of the lactating cows. Time of weaning of suckling calves can be varied within the model, which allows testing of early weaning scenarios. Compensatory growth is not explicitly represented in the model which means late dry season losses and early wet season gains in body weight are both underestimated, with the assumption that these gains and losses will essentially offset each other.
The model can simulate situations where low forage availability (e.g. due to poor seasons or overstocking) limits individual animal intake (Fig. A.4.) . The empirical data available for generating these relationships in tropical pastures is sparse e.g., Stobbs (1977) .
A.4. Reproduction and mortality
Body condition score is a major factor determining reproductive success in females of a breeding age in the extensive grazing systems of northern Australia (McGowan et al., 2014) . In NABSA, conception is determined by the weight of cows relative to its reference weight, which is an effective surrogate for body condition score (Fig. A.5 ). The shape of the relationship between body weight in relation to reference weight and conception can be altered and different relationships are used for heifers and more mature cows. This relationship is based on research results taken from a number of studies across northern Australia and is consistent with relationships that have been recently published that are based on large datasets also drawn from across northern Australia (Mayer et al., 2012; McGowan et al., 2014) . This approach yields realistic conception and weaning rates, including the lower pregnancy rates that are typically observed in younger cows in nutritionally stressful environments (MLA, 2007; Schatz, 2012; McGowan et al., 2014) .
Peri-natal and post-natal mortality rates in breeding cattle in northern Australia can be significant but there is no clear major factor driving this mortality (McGowan et al., 2014) . Consequently in the model, periand post-natal mortality rates are a single user-defined parameter, but based on the data of McGowan et al. (2014) this is likely to be in the range of 5 to 16%.
Cow mortality rates can also be significant (Henderson et al., 2013; McGowan et al., 2014) and in the model cow mortality rate is determined by actual body weight relative to the standard reference weight for that class of animal (Fig. A.6.) . In addition, a baseline mortality rate based on regionally sourced information can be set that applies across all animal classes in the herd.
A.5. Supplementation and drought feeding
NABSA allows for additional energy and protein to be made available to animals via supplements and/or hay to maintain or improve animal condition during seasonal nutritional deficits or drought. A range of different supplements or hay can be fed (e.g. salt and urea blocks, urea:molasses mixes, cottonseed meal, grain, hay) in different months of the year to different animal classes, and more than one supplement can be used at the same time if required.
Although phosphorus deficiency is a characteristic of many soils across northern Australia (Jackson et al., 2012) , its effects on animal productivity are not directly represented in the current version of the animal production model. Animals are assumed to have sufficient phosphorus supply and in areas where phosphorus is known to be deficient it can be included as a supplement to reflect the increased costs of production.
A.6. Enterprise economics
Enterprise economic outcomes (except for taxation) are simulated by assessing the revenues from animal turnoff against the direct costs of production (animal veterinary costs, transport, marketing costs, commission, etc.) to generate the total enterprise gross margin. In addition, enterprise overhead costs, general labour and interest paid on outstanding debts are calculated to generate net profits. The level of cash balance on hand or the opening debt is specified for the first year of a simulation trial and this accumulates or is drawn down through the trial according to the projections of annual cash surpluses and deficits. Capital costs associated with any development scenario (e.g. plant and machinery, irrigation or stock handling infrastructure) are included as a debt, but there is no annual depreciation charge included in overhead costs.
A.7. Natural resource condition
It is possible to simulate some key resource condition outcomes for modelled scenarios. The pasture utilisation rate (an estimate of the proportion of the total pasture growth that is consumed by animals) determines land condition, defined on the basis of the basal area of Conception rate (%) = A / (1 + Exp(k * cow wt actual/cow reference wt + C)), where A = asymptote maximum conception rate, k = coefficient function for shape of the curve, and C = constant. Cow wt actual is cow weight at conception. Values for this example are A = 95, k = −9.8, C = 6.7. Fig. A. 4. An example of the relationship between forage availability and potential feed intake in extensive native pasture conditions in the tropics where maximum potential feed intake is 10 kg dry matter/day. The relationship is described by the equation: dry matter intake = a(1 − e −b.feed on offer ), where a is the asymptote for maximum potential feed intake and b is the coefficient for the shape of the curve (in this case 10 and 0.006, respectively). desirable perennial grasses, with high utilisation rates driving down perennial grass basal area and hence land condition. The index ranges from 0 to 11 with degraded land having an index of 11 and pristine land having an index of 0. Sustainably managed pastures generate land condition indices in the range of 1 to 5. There is a dynamic link between land condition and pasture growth simulated in the GRASP model. For example, if land condition declines due to high utilisation the NABSA model selects the next year's pasture growth from GRASP based on the reduced land condition. If high utilisation rates are maintained over a number of years there is a degradation spiral downwards with reduced pasture growth forcing up utilisation rates if stock numbers are not modified. How land condition improves or deteriorates in response to the pasture utilisation rate can be altered for different climate-pasture systems. Qualitative indices that integrate the effects of livestock production across a range of resource condition criteria are also produced by the model. The approach used to produce these indices builds on earlier work for extensive beef enterprises in northern Australia (MacLeod and McIvor, 2008) .
A.8. Methane production
Methane production from beef cattle grazing pastures is closely related to dry matter intake (Kennedy and Charmley, 2012) . As the NABSA model predicts the dry matter intake of cattle, a simple regression relationship has been used to derive methane production. The actual relationship was initially developed by Kurihara et al. (1999) to estimate methane production for tropical pastures, and amended by Hunter (2007) , and is presently also used in Australia's inventory of greenhouse gas emissions (National Greenhouse Gas Inventory Committee, 2006) . This equation (Hunter, 2007) is:
Methane (g/day) = 35.16 * intake − 34.8.
A.9. Model limitations
Although the NABSA model was developed to test a diverse range of potential scenarios at the enterprise scale, the current version of the model cannot capture the operational diversity and complexities of actual beef enterprises in their entirety. In common with any model of a complex system, it has recognised limitations and requires a number of simplifying assumptions, including the following:
• Diseases are not explicitly represented in the animal production model, but recognised management practices to minimise their effect are included in the specification of veterinary costs (e.g. vaccines).
Diseases can also be indirectly represented in productivity through altering conception curves or growth coefficients or mortality rates.
• There is no variation among individuals within a given class of animals.
All of the animals within a class are subject to the same process rates (e.g. grow at the same rate, consume supplement at the same rate, conceive at the same time).
• The model has no capacity to directly simulate the performance of separate paddocks, and does not address spatial issues such as uneven grazing distribution and its effect on intake, diet quality and animal production. The model does allow for different land types to be specified based on soil and vegetation characteristics, which can be approximated to be representative of a number of paddocks (although in this study it has been assumed that a single land type exists on a property).
• No additional capital costs are included in the model beyond those that are specifically related to a particular development scenario. General maintenance and repair costs are included as overhead costs but imputed costs for depreciation and replacement of capital items are not included.
